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Conventional ultrasonic investigation of defects in the bulk of 
complex materials is a common industrial technique. A usual procedure 
is to scan the specimen in a water bath, where the ultrasonic transducer 
transmits waves into the investigated material. When the propagating 
waves reach acoustical discontinuities such as defects, partial 
reflection occurs. The reflected waves are detected by the transducer, 
and a graphical representation of the integrity of the specimen is 
displayed. Some advanced systems even correct for simple attenuation. 
However, this method has a major drawback. As the waves continue 
to propagate through the material, any major reflection causes reduction 
in the transmitted wave. This effect, which may be even more dominant 
than the simple attenuation, causes any further reflections to be seen 
weaker than they actually are, thus misrepresenting the defects which 
are "shadowed" by previous defects. 
This paper describes a numerical algorithm that enables the 
correction of such shadowing by digital signal processing. 
THE PROBLEM 
In the example shown in Figure la, the transducer transmits 
ultrasonic waves that propagate through the sample. A reflector, such 
as damage or other kind of acoustical discontinuity, causes reflection 
of portion of the wave which can be detected by the transducer and be 
represented by an appropriate signal on the time record waveform. In 
the first case, when only one reflector (II) exists in the sample, it is 
represented by a signal with some amplitude (II in Figure lb), which 
incorporates some exponential attenuation. In the second case, when the 
only difference is the presence of an additional identical reflector (I) 
in front of the other one, the first reflector is represented by an 
appropriate signal (I in Figure le), but the original reflector (II) is 
displayed by a signal which is now weaker than before. 
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THE MODEL 
Considering energies,which are proportional to the square of the 
amplitude of the detected signal, any specific location i on the 
digitized record can be represented by a reflection coefficient Ri. For 
an incident wave with energy E, the reflected wave will have energy of 
ERi, while the transmitted wave will have energy of E(1-Ri). If 
attenuation and multiple reflections are not considered, the energy of 
the waves in the various locations can be expressed as seen in Figure 2 
below, when the total energy of the wave entering the material is 
normalized to one. In the normalized case, the energy En = An2 . 
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Fig. 1. (a) Schematic drawing of ultrasonic waves em1tted from a 
transducer and propagate through a sample with acoustical 
discontinuities. (b) Reflected signal detected by the 
transducer, when one discontinuity exists. (c) Reflected 
signal detected when two discontinuities exist. 
In general, EI, ER, and ET - the energy of the incident, the 
reflected, and the transmitted wave, respectively - would be: 
(1) 
n-1 
Rn. llo<1-~) (2) 
(3) 
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Considering energy : 
(ignoring multiple reflections) 
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Fig. 2. Symbolic representation of the energies of the incident, 
reflected, and transmitted waves, at the various 
digitization points. 
Any reflection detected by the transducer will be represented 
independently of its location if the appropriate incident wave is 
normalized to unity. This can be achieved by multiplying the energy 
values for all further points according to the reduction of energy 
transmitted through the former point, i.e. all points after the first 
point should be multiplied by 1/(1-R1), where R1=A12 is known from the 
first reflection. Then, all points after the second one should be 
multiplied by 1/(1-R2), where R2 is the corrected value obtained from 
the previous step, and so on. Or alternatively, collecting all the 
terms for a point, the following relation can be obtained: 
compensated 
~ =An (4) 
If the model includes also attenuation according to an exponential 
relation as a function of travel distance, an amplitude would decrease 
by a factor of ea, where one way travel between digitized points is 
normalized to unity; the energy would decrease by the square of this 
value, and the following relation can be obtained: 
compensated n-1 ~ = ~ . e2(n-1)a . 11 [ 1 /( 1-~2)1/2] 
m=1 
(5) 
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DISCUSSION 
Investigation of the algorithm suggested, as in expression (4), 
shows that the deviation from the true correction of the waveform 
depends on the information that we have about the energy of the incoming 
waves, those that are generated by the transducer and hit the sample, 
and by which a normalization can be done. If the ratio between the 
assumed energy and the actual one is K, the deviation D from the true 
correction would be: 
D = (1-K)/(1-K·R1 ) ( 6) 
where R1 is the reflection coefficient of the front surface. Figure 3 
shows a graph of this relation for various values of K and R1 . For 
typical reflection coefficients R1 of about O.S, and K values of -0.9, 
the deviation from true correction would be under 20 %. 
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Fig. 3. Deviation from true correction as function of 
1.0 
R1 - reflection coefficient of the front surface, and 
K - actual fraction of energy. 
APPLICATION TO EXPERIMENTAL DATA 
The algorithm was applied to experimental data from graphite-epoxy 
composite material immersed in a water bath (Figure 4a) . A transducer 
transmitted longitudinal waves which propagated through the water. The 
reflected waves from the sample and within it were detected by the same 
transducer, and the waveform was digitized and recorded. A typical 
waveform is shown in Figure Sa. 
As demonstrated from (6), the energy of the incoming waves is a 
factor in the correction . If no additional information about the 
transducer and the experimental set-up is given, a lower limit of the 
total energy can be calculated by integrating the square of the received 
waveform's amplitude. Using this value, the corrected waveform is shown 
in Figure Sb. Late reflections which were very weak in the raw data 
(Figure Sa) became more pronounced in the processed data (Figure Sb), as 
the correction removes the shadowing effect of former reflections . The 
stability of the algorithm is acceptable, as seen late in time in the 
corrected waveform record, even in this extreme case where all the 
energy is assumed to be contained in the detected waveform. 
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(a) 
(b) 
Fig. 4. (a) Experimental set-up for investigation of sample in 
pulse-echo mode; (b) Reflection off water/air interface 
as a reference signal. 
0 .3 
0.2 
Ci 0.1 
E o.o 
<t: -0.1 
-0.2 
1-
1-
1-
1-
-0.30 
o· 'f d Uit 'IQI IZe 
~ 11 1 
200 
roson1c D t o o 
1 
_l _l 
400 600 800 
Time (Point #) 
Processed Dota ~Jl~----!  
-
0
·
3 o 200 400 600 800 
Time (Point #) 
Fig . 5. (a) Digitized ultrasonic data: Typical experimental 
results; (b) Processed data of the above, using the 
total contained energy as estimation of the incoming 
energy (lower limit). 
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Fig. 6. (a) Digitized ultrasonic data from a damaged composite; 
(b) Processed data of the above, using the energy of the 
waves reflected off water/air interface as a measure of 
the energy of the incoming energy. 
Better accuracy is obtained when more information about the energy 
of the incoming waves is obtained from an additional experiment, by 
measuring the reflection of the waves from a perfect reflector, such as 
the reflection off a water/air interface, while keeping the other 
experimental variables constant (Figure 4b) . The shape of the reflected 
waves does not matter here, only the total energy. Figure 6 shows an 
example of applying the algorithm to a more comple x waveform, using such 
a reference signal. 
CONCLUSIONS 
The shadowing effect of reflections on ultrasonic displays is not 
addressed by the conventional investigation techniques that may correc t 
only for simple attenuat ion as function o f depth. Furthermore, 
independent attenuation calculations from matching a n exponential curve 
to a complex waveform might over-estimate the attenuation coefficient a. 
A numerica! algorithm that enables the dynamic correction of the 
shadowing effect by digital signal processing is described . This 
algorithm is fast and simple enough to be adopted for real time 
applications in industry, where a full s olution to the inversion problem 
is not practica!. Images of material defects with the shadowing 
corrections permit more quantitative interpretatio n of the material 
state. 
Further investigation should consider second order reflections and 
beyond, and integrate the correction for simple attenuation. 
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